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ABSTRACT
A microfluidic platform with dual photopolymerization zones has been developed for production of 
novel uniform interconnected porous particles with shapes imposed either by the geometry of the 
external capillary or by the thermodynamic minimisation of interfacial area. Double w/o/w drops with 
well-defined internal droplet size and number were produced and then exposed to online 
photopolymerization to create the porous particles. Cylindrical interconnected porous particles were 
produced in a segmented flow where the drops took the shape of the capillary. The microfluidic set 
up included an extension capillary where the drops relaxed and conformed to their thermodynamically 
favoured morphology. Window opening of the particles occurred on-the-fly during UV 
polymerization without using any offline auxiliary methods. A distinction was made between 
critically and highly packed arrangements in double drops. The window opening occurred 
consistently for highly packed spherical drops, but only for critically packed drops containing more 
than 6 internal cores at internal phase ratio as low as 0.35. The size and number of cores, shape and 
structure of double drops could be precisely tuned by the flowrate and by packing structure of the 
inner droplets.  
* Corresponding Author
Faculty of Natural and Mathematical Sciences, Kings College London, Strand, London, WC2R 2LS, UK. Email: 
Shahriar-sajjadi-emami@kcl.ac.uk; Telephone number:  +44-(0)20 7848 2322.
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INTRODUCTION
Porous materials have already been estabished as interesting area of research due to their 
distinctive permeable structure within a polymer matrix. They are characterised by the presence 
of pores with a wide range of sizes usually within 2-50 nm, and enjoy several advantages over 
impermeable substances, including light weight, a network of well-connected pores, high 
surface area and excellent absorption capacity.1,2,3 Porous polymeric particles, which are 
miniature porous entities, are increasingly becoming an interesting area of research due to their 
smaller size and increased permeability. They have attracted enormous applications including 
ion exchange resin4, separation and filtration5, encapsulation agents for controlled release of 
drugs6, catalysts7 or supports for catalysts8, and packing materials in chromatography 
industries.9,10,11,12 Another class of porous particles, arguably called macroporous or cellular 
particles, contains large voids or cavities and enjoys having wide pores often called windows. 
Such windows facilitate exchange of matters between different parts of the particles. Open-
structured porous particles have found their specific applications. A recent highly regarded 
application of macroporous particles having interconnected windows is scaffold for tissue 
engineering.13,14 Most macroporous microparticles are conventionally synthesised thorough a 
few physio-chemical techniques including solvent evaporation, polymerization, and seed 
swelling methods.15 The formation of pores is usually driven by phase separation occurring 
during the manufacturing process, which is difficult to finely tune. For example, solvent 
evaporation method can easily produce porous microparticles, but the diffusion of the internal 
phase or oil phase during evaporation, which is difficult to control, has dramatic effects on the 
porosity and window size of the final products. Porous microparticles resulting from droplet 
polymerization (i.e. suspension) suffer from a low uniformity in both void/window and final 
particles sizes, whereas seed swelling method, which benefits from a facile generation of 
uniform nano or micro particles, is limited to microspheres below 10 µm, and to non-uniform 
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windows.16 Several attempts have been made to control these properties by varying the 
formulation, concentration and type of progen, reaction temperature and other triggering 
conditions within the context of conventional methods.17,18 However, physio-chemical 
methods have inherent difficulties in developing void/window of sufficient size and uniformity, 
and are often limited to small pores.   
Cavities or voids can be mechanically housed inside particles by adding a non-solvent, which 
can be later extracted. The precursors to the production of open-structured macroporous 
particles are high internal phase double drops. Recently, microfluidic techniques have evolved 
as an excellent tool for producing uniform double  emulsions.19,20,21,22,23,24,25,26,27,28 When 
formation of such emulsions is followed by on-the-fly UV polymerization in a microfluidic 
setup, a wide range of structured porous microparticles can be produced. High internal-phase 
emulsions in conjunction with microfluidics have been used to produce particles with uniform 
shapes.29 The approach has been followed by several research groups to produce porous 
particles that either internally or externally are uniform.30,31 However, despite that many reports 
exist on the fabrication of macroporous particles via microfluidics, window opening has been 
restricted to off-line methods including UV polymerization and other auxiliary methods. For 
example, window opening in an offline method occurred by dissolution of the thin film 
separating the tightly-packed inner cores.32,33 An off-chip microfluidic photopolymerization 
approach has also been used to produce anisotropic open polymeric microparticles.34 Such off-
chip methods to create porous microparticles are tedious tasks and do not lend themselves 
easily to microfluidics. Online lithographic microfluidic polymerization with masking or 
templating35,36,37 has been applied onto single-phase fast-curing (acrylate) monomers to 
fabricate particles with exotic design but the application has not been extended to the 
continuous  creation of windows. 
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There is a growing evidence that non-spherical particles offer certain advantages over spherical 
particles. For example, non-spherical particles can be packed more densely than spherical 
particles.38 They also benefit from a light weight and behave differently from spherical 
particles under the same hydrodynamic39, magnetic 40, and electric conditions.41 Non-spherical 
particles can also help to simulate the molecules shape in their self-assembly studies, as most 
molecules are non-spherical.42 Non-spherical microparticles are generally difficult to produce 
due to the domination of surface tension force between two immiscible phases, which resists 
the formation of non-spherical shapes.32,43,44,45 Rod-like or cylindrical particles are probably 
the most common particles second to spherical particles. Porous cylindrical particles are the 
most important fillers used in fixed beds in chemical engineering applications because of their 
surface aspect ratios.46 More importantly, they have been applied in drug-delivery systems for 
the same reason.47,48,49,50,51,52,53,54 A microfluidic set up that can produce a wider range of 
morphologies can be useful in this respect. Drops which are precursor to microparticles, 
however, can be made to adopt a cylindrical shape when flowing through a confined channel 
whose diameter is smaller than that of the drop. The technique has been utilised for producing 
simple rod-like polymeric materials55 but the application has not been further extended. The 
nonsphericality of the particles is often imposed by a high inter-phase packing, or the number 
of inner droplets, or both. In such cases, the shape of particles changes with the number of the 
inner droplets.56 
In this report, we demonstrate a two-zone microfluidic generation of cylindrical and 
spherical/non-spherical drops containing various numbers of internal droplets, followed by 
their UV polymerization on-the-fly to form open porous microparticles. A porosity hierarchy 
is often required in porous particles to allow timely and orderly interactions of substrates of 
different sizes with pores. In this research, however, we only focus on the higher level pores of 
the hierarchy; voids and windows. Voids are formed when internal water droplets are drained, 
Page 4 of 36
ACS Paragon Plus Environment
Langmuir
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5
and windows when the films separating droplets are ruptured. Typical experiments consisted 
of producing water/oil/water (w/o/w) double emulsions with controlled number of 
encapsulated inner droplets, which were then consolidated into porous microparticles through 
UV photo polymerization. Cylindrical drops were first formed in zone I, where they conformed 
to the shape imposed by the outer capillary. They then travelled to zone II, where they adopted 
their most stable morphology. The use of a capillary extension, in zone II, added to the 
versatility of the approach by allowing cylindrical drops to transform to spherical drops not 
otherwise achievable under the conditions used for zone I. The critically packed drops for each 
zone were produced and then polymerised. To produce interconnected windows at relatively 
low internal phase ratio, the emulsion formulation was manipulated by equalling the inner and 
outer interfacial tensions. This triggered the collapse of droplets-drop interface during 
polymerization and exposed the hollow interiors of microparticles. A comparison of close and 
highly packed drops was made to underline their differences for very first time. The size, shape, 
and internal structures of particles were manipulated using the flowrates of the phases. 
EXPERIMENTAL
Materials
2-ethylhexyl acrylate (EHA, 98.0%, Sigma-Aldrich), isobornyl acrylate (IBOA, 85.0% Sigma-
Aldrich), trimethylolpropane triacrylate (TMPTA, 80.0 %, Sigma-Aldrich) were used as 
monomers. Poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol) 
[PEG-PPG-PEG, Pluronic L-81, average Mw ~ 2800 g mol-1, and HLB ~ 2] and Irgacure 907 
(BASF) were used as surfactant and photoinitiator, respectively, in the middle (monomer) 
phase. Poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol) 
[Pluronic F-127, average Mw ~12,500 g mol-1, and HLB ~ 22] was used as surfactant in the 
inner and outer aqueous phase.
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Microfluidic device fabrication
For the generation of w/o/w emulsions, four micro-capillaries (CM Scientific) were used as the 
inner (ID: 50 µm, OD: 80 µm), middle (ID: 150 µm, OD: 250 µm), outer (ID: 300 µm, OD: 
400 µm) and an extension capillary (ID: 500 µm, OD: 1000 µm), all introduced and aligned 
symmetrically. The ports were placed on the coupled capillaries, which are resting on the 
microscope slides, glued (Devcon 5-minute epoxy), and left to harden completely. Capillary 
surfaces were selectively treated. The capillaries through which oil was flown were made 
hydrophobic by treatment with n-octadecyltrimethoxysilane while the surface of the capillary 
where the water went through was made hydrophilic by plasma treatment (Femto Plasma 
cleaner, Diener).
Procedure
Uniform w/o/w drops were generated by pumping the inner water phase, having 1.0 wt.% of 
Pluronic F-127 through the middle phase containing 91.0 wt.% of the monomer mixture 
(composed of 75.0 wt. % EHA, 20.0 wt. % IBOA, and 5.0 wt. % TMPTA based on the total 
weight of monomer phase), 5.0 wt. % of surfactant Pluronic L-81, and 4.0 wt. % Irgacure 907 
photoinitiator dissolved in the monomer phase prior to the experiments. The middle (monomer) 
phase, engulfing the inner water phase, was then pumped into the external aqueous solution of 
1.0 wt. % Pluronic F-127 (outer phase). The syringe containing the monomer was wrapped in 
an aluminium foil to avoid light penetration.57 All phases were pumped through the 
microcapillaries using Harvard pump 11 Elite. The schematic illustration of the 2-zone device 
used for fabrication of cylindrical and spherical double drops and their polymerization is shown 
in Figure 1a.
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double drops. The compound drops formed in the narrow outer microcapillary, where they 
were forced to adopt a plug shape,  relaxed to gain the spherical shape as they travelled 
downstream through a wider extention  microcapillary (zone II) (Figure 1a). The generated 
w/o/w plugs or drops were photopolymerized by the UV irradiation (bluepoint 2 easycure, 
honle, 250 W, 14 mW cm-2) either in zone I or zone II and converted to polymeric 
microparticles as they passed through the channels. The generation of drops in the microfluidic 
device was observed by a high-speed video camera (Photron FastCam Ultima APX
monochrome).
Measurements and Characterisation
Plugs and spheres with various structures were observed and sized by an optical microscope 
(Kyowa Tokyo, Japan, with a camera Moticam 2300 connected to the PC). The morphology, 
diameter of the windows and droplets (voids), and surface features of the plugs and spheres 
were assessed by scanning electron microscope (SEM; Hitachi, S4000). For SEM, samples 
were coated with a thin layer of approximately 5 nm of gold and placed on a stud before 
analysis. The SEM was operated at 5.0 kV. Viscosities were measured using a scientific 
rheometer. 
Formation of plugs in zone I  
We explored the flow conditions under which double drops whose diameter was bigger than 
the diameter of the outer channel could be produced. Such large drops expanded inside the 
capillary to form plugs. The diameter of the inner droplets was also controlled to be close to 
half of the radius of the outer capillary to allow formation of two-row plugs.  
The internal phase ratio of drops is defined by: 
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(1) Figure 1b  =

 +
shows photos for typical variations in the morphology as well as in the number of internal 
droplets of plugs and spheres, corresponding to zone I and II, respectively, with increasing 
internal phase ratio  Note that the ellipsoidal shape of the internal droplets is an optical 
artefact emerging from using multiple concentric tubular capillaries.58 
We define the critical packing phase ratio cp as the threshold value of  at which the core 
droplets contained in a drop start to contact with each outer and the wall of the drop without 
being deformed. Any compound drop with a given number of internal droplets N and a phase 
ratio greater than the corresponding critical packing phase ratio cp is called a highly packed 
drop. Figure 1c shows common configurations exhibited by the internal droplets inside 
critically-packed plugs, chains, and spheres. For plugs, configuration i represents critically-
packed single-row plugs, while scheme iia and iib show configurations for critically-packed 
two-row plugs. 
The critical packing phase ratios for these configurations, defined based on the number of 
internal droplets N with diameter d enclosed in a cylinder with diameter D and characteristic 
cell length d or 2d, are where  where , and 	
 = 0.667     =  	
 = 0.333   =

2
	

 (see supporting information for derivations). The diameter of the = 0.375 where  = 
internal droplets in the single-row structure i is equal to the internal diameter of the outer 
capillary di = Do,ID, and the critical packing phase ratio required to achieve this structure is 
0.667. Configuration ii shows the structure of plugs containing two parallel rows of internal 
droplets. Droplets in configuration iia have diameter diia which is equal to half of that of the 
outer capillary; diia = Do.ID/2. The critical packing phase ratio required to achieve arrangement 
iia in plugs is about 0.333. At this phase ratio, the internal droplets are closely contained inside 
the plug without being deformed. Such a configuration did not form by using a single capillary 
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set-up for injecting the inner phase. Instead configuration iib, which was more stable, was 
observed for all conditions. The size of internal droplets in configuration iib is larger than that 
in iia, and is equal to diib = 0.53 Do,ID, thus the critical packing phase ratio for this configuration 
is achieved at cp,iib = 0.38. However, the critical packing phase ratios presented in Figure 1c 
are only approximates as they underestimate the real values because of the tendency of the plug 
drops to violate the cylindrical shape, due to their Laplace pressure. The plugs had a cap at 
each end, as shown in Figure 1c.  In theory, one can expect that the volume of the caps changes 
with the dynamic interfacial tension as well as the size of drops at least for small plugs.  In 
practice, the volume of the caps was found to be almost independent of the size of drops within 
the range studied. Assuming the volume of the caps can be approximated by a semi ellipsoid 
with the volume  and  as defined in Figure 1, and considering that  	
 =
1
6
2   !
this volume is accessible to internal droplets, there is an error of around 0.04 to cp for small 
plugs (i.e, N Q 4), but the error significantly decreased with increasing N. One can expect that 
the deviation from the simplified cylindrical geometry disappears as the number of internal 
droplets contained in a plug increases. 
Because of further restriction in the space available within spheres, the critical packing 
arrangement in a sphere containing a given number of internal droplets N is achieved at a much 
lower internal phase ratio than in a cylinder with the same N arranged in either one or two rows. 
Furthermore, the critical packing phase ratio for spherical drops, unlike for cylindrical drops, 
increases with the number of core droplets. The cp for spherical drops with 2, 3, 4, 5 and 6 
internal droplets is 0.25, 0.29, 0.36, 0.35 and 0.42, respectively.56 The illustrative phase map 
for different morphologies of drops in zone I and II against  and N is shown in Figure 1d. The 
dotted green curves and the continuous red curve in the map represent the locus of critically-
packed cylindrical drops and spherical drops, respectively. In the region above a critical 
packing curve, respective drops are highly packed, and in the region below the close packing 
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curve, unconfined region, drops are not densely packed and thus their internal droplets are 
relatively small.  
The plugs formed in zone I travelled along the flow to zone II, where they adopted a 
thermodynamically favoured morphology driven by minimisation of interfacial forces. This 
morphology varied from spherical to semi-spherical, depending on  and N. Because cp at any 
given N within the range of interest is larger for cylinders than for spheres, critically-packed 
drops in zone II could only be achieved if their precursors in zone I were highly packed.   
Microfluidic production of drops critically packed with droplets of the same size within a wide 
range of  as illustrated in Figure 1d, is a formidable task. This is mainly because a change in 
the phase ratio  is practically associated with a change in the size and often the number of 
internal droplets. The experimental approach to alter  at constant N was only possible by 
manipulating the three flowrates simulataneously. By doing so, the compound drops gradually 
transformed from lean drops in the unconfined region below the critical curve, to highly-
packed drops, crossing the corresponding critically-packed drops curve. 
In the highly-packed drop region, the internal droplets were not spherical anymore, due to 
their large size and the compression exerted by the external drop, regardless of the zones. 
Cyclindrical drops with N=2 showed little confomational change from Zone I to II, as shown 
in Figure 1d. The cylindrical envelope engulfing the inner droplets applies a strong capillary 
force on the inner droplets, when relaxed in zone II,  which leads to drainage of the oil phase 
from the caps to the film seperating droplets and forms a conical drop similar to the cyclindrical 
one in zone I. One-row drops containing 3 internal droplets, however underwent extensive 
conformational change from cyclindrical to triangular as they moved from zone I to zone II. 
Internal droplets are less vulnerable to defomation than large external drops, as capillary force 
scales with the reciprocal of drop diamater;  . However, drops with large N could "
 = #$%
resist the stress applied by the compact inner droplets and remained almost spherical in zone 
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outer phase. In this region the middle phase formed simple oil drops whose diameters were 
basically smaller than that of the inner water droplets formed in the upstream. Within  1000 µl 
< Qo Q 3000 µl h-1, core-shell drops containing one or two inner core droplets started to emerge. 
The diameter of these compound drops was still smaller than the outer capillary diameter so 
they adopted a spherical shape. With decreasing Qo below 1000 µl h-1, gradually larger 
compound drops with two and more inner droplets were obtained. These drops, expanded along 
the outer capillary due to their large size and the restrictions imposed by the capillary, forming 
plugs. It was only at Qo Q 500 µl h-1 that plugs with several internal droplets started to emerge 
as seen in Figure 2a. 
At extremely low Qo, the shear stress exerted by the outer phase on the compound jet reduced 
so massively that the jet was not ruptured at a short length anymore. This allowed the jet to 
widen in the capillary (i.e, jet widening) forming continuous chains.23 The dashed line in Figure 
2a marks the domain of the chains. The data points in the region above the dashed line refer to 
two-row plugs, and below the dashed line refer to chains, where a continuous jet of the middle 
phase containing many internal core droplets was formed. The range of Qo within which 
transition from plugs to chains occurred was narrow, however, it increased significantly with 
increasing Qi. 
The drop size in a typical capillary co-flow system is determined by a competition between 
interfacial tension and hydrodynamic forces. The formation of drops is often discussed in terms 
of capillary number Ca, which represents the relative importance of disruptive viscous forces 
acting on fluids interface compared to its cohesive interfacial force  
(2) where &' =
(')'
$'*
µ is the viscosity, v is velocity at the point of drop rupturing and U is the interfacial tension. 
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The indices j and k refer to different neighbouring phases, which can be i for the inner phase, 
m for the middle phase and o for the outer phase. 
Inner droplets were formed in the 1st stage. During the 2nd stage, the middle oil phase containing 
the inner water droplets, or the compound phase indicated by index c, was ruptured to plugs. 
Considering the common interfacial boundary between the compound phase and the outer 
phase, the capillary ratio of these two phases scales with  . The viscosities of the inner 
& 
&	
=
( ) 
(	)	
and outer water phase containing the hydrophilic surfactant and the middle phase containing 
the lipophilic surfactant was 1.7 cp and 1.4 cp, respectively. The average velocity of the 
compound phase (inner water phase + middle oil phase) and the outer (water) phase are related 
to the flow rates of these phases and the capillary cross sectional areas (see supporting 
materials). For our capillary arrangements, the relation between Am and Ao was found to be  
, so . The red dotted-curve indicated on Figure 2a defines ++ 
) 
)	
=
+ 
+ , + )
=
 
, + )
the experimentally found transition between plugs and chains. The curve is an exponential one 
but for the sake of simplicity we approximate it by a linear correlation . Assuming that  
1
2
the compound phase has a viscosity similar to that of either oil or water phase so , ( %(	. 1.0
and applying   for the conditions of Figure 2a, then one can find that  =  a nd  
1
2
transition line is represented by . To rupture the compound phase by shear stress  
& 
&	
= 0.15
exerted by the outer phase, the capillary ratio should be greater than one; Cao / Cac >1. The 
ratio suggests that the widening jet conditions are dominant at the boundary. This ratio is 
consistent with the values reported by Nabavi et al. for the widening jet conditions that allowed 
chain of droplets to form in a single-stage flow-focussed method.23  
Figure 2b shows a morphology map for the resulting plugs in terms of Qi and internal phase 
ratio . To construct this figure, we fixed the flowrate of the outer phase at Qo = 300 µl hr-1 and 
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altered Qi and Qm within 25-500 µl hr-1 in a systematic way to change the internal phase ratio. 
The number of internal droplets contained in the plugs is also shown on the map. At low values 
of  (i.e., low Qi/Qm) plugs were not highly packed by droplets, as expected. Such plugs are 
not of any use for making open structures, but are useful for fabricating closed structures. 
Highly packed drops started to emerge at  ~ 0.35. One can see from this figure that the domain 
of plugs with a given number of internal droplets changed almost exponentially with increasing 
 This indicates that highly packed plugs with a given number of internal droplets could be 
only produced at extremely high flowrates of the inner and middle phases (i.e, high Qi and Qm). 
It can also be inferred from this map (Figure 2b) that at a given Qi, the increase in the internal 
phase ratio  was associated with a decrease in the number of internal droplets until eventually 
plugs with one internal droplet, capsules, were obtained at an extremely high . At a given , 
the number of internal droplets could be increased by a simultaneous and proportionate increase 
in Qi and Qm.    
Figure 2c shows an interesting pattern in which the size of internal droplets, d, increased 
consistently with increasing  for different sets of flow conditions, regardless of the absolute 
values of the flow rates. In the two-stage method used here, the inner droplets were first formed 
in the upstream, in the middle capillary, and then housed inside the oil drops forming the 
compound phase. The inner and middle phases shared the same interface, so their capillary 
ratio is 
&
&
=
()
()
                                                  (3)
See supporting materials for the way velocities have been calculated. Combining eqs (1-3) and 
noting that  and , the following equation can be derived that relates  = +)  = +)
Capillary ratios to :
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&
&
=
(+
(+
(1 2 1)                                              (4)
 
Equation (4) suggests that for a given microfluidic setup, the shear stress applied on the inner 
phase only depends on the relative flow rates (i.e., ) and not on their magnitudes. In other 
words, using a high Qm, at a given Qi, increases the shear stress applied on the inner phase. The 
size of internal droplets increased with increasing  due to the associated decrease in the shear 
stress. Calculations show that the relation was dominant for most conditions used in 
&
&
< 1.0 
this research, except for low values of  (~0.05).   
By the same token, it can be shown that the capillary ratio smaller than one was accompanied 
by the ratio of Weber number of the inner phase (defined as the ratio of inertial forces over the 
interfacial forces) over the capillary number of the middle phase being larger than one for all  
conditions except for low values of 1
45
&
=
(6)
2
!)/7	 
()/7
=
6	)
2
	!
( ) 
> 1.0                                      (5)
where Di,ID is the internal diameter of the inner capillary where  the internal phase was pumped 
through. This confirms that the inertial forces were dominant. 
There was a steep increase in d at higher , a trend clearly observed in Figure 2c. The internal 
droplet diameter at  V 0.65 was 300 m, which is equal to the internal diameter of the outer 
capillary. This is the point at which one-row plugs with diameter of the internal drops being 
equal to the inner diameter of the outer capillary Do,ID formed. Beyond this threshold, internal 
droplets became larger than Do,ID and then stretched along the capillary. Figure 2c was 
produced using Qo = 300 µl hr-1. Using a lower Qo, would allow plugs with larger N to develop. 
At extremely low Qo, chain of droplets formed as explained before. We note that the size of 
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the internal droplets was independent of the outer phase flow rate Qo because of the two-stage 
protocol used.  
The discussion above is illustrated in Figure 2d that shows the increase in d with increasing 
was associated with a decrease in the number of internal droplets (N). At low to intermediate 
, plugs with several internal droplets were formed. At  = 70%, plugs could contain only up 
to 4 internal droplets, depending on Qi. The largest N was obtained at the lowest Qi used. At  
= 80%, plugs with upto 3 internal droplets in a row could be formed.  Further increase in  led 
to formation of plugs with two internal droplets in a straight one-row structure. Eventually, 
with further increase in  above 85%, plugs with one internal core droplet, or plug capsules, 
emerged. This is due to the formation of a stable biphasic jet at high inner phase flowrate inside 
the middle capillary, which emulsified at the tip into core-shell drops with an ultrathin shell. 59 
The combined effect of the number and size of internal droplet reflects on the length of the 
plugs, which is an important physical property of plugs. We note that the diameter of the plugs 
was equal to the internal diameter of the outer capillary. Figure 2e shows variations in the 
length of the plugs L with  for different values of Qi at a constant Qo.  is the phase ratio of 9 9
the compound phase in the final emulsion defined by
9 =
 +
 + + 
                                            (6)
It is useful to show the results in terms of   rather than  because the former scales with the 9
shear stress applied on the compound phase:   The experimental conditions 
& 
&	
=
( +	
(	+ 
(192 1).
related Figure 2e can be best described by , indicating that the jet widening 
& 
&	
< 1.0
mechanism, due to the high inertial forces of the compound phase, was operative. Long plugs 
were formed at high  The length of the plugs reduced with decreasing  (i.e, decreasing Qm 9 9
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at a given Qi) until a plateau length close to the inner diameter of the outer capillary (Do,ID) was 
reached. One should note that  increases with decreasing  at a constant Qo.9
From Figure 1 one can infer that the length of closely packed two-row plugs can be related to 
the diameter of individual droplets and their number by (N/2)×d, in particular if N is even. If 
this term is plotted against  and compared with the experimental L (not shown), one can find 
that initially the experimental L is much larger than (N/2)×d, because the plugs were not 
completely packed with internal drops. But as  approached the close packing ratio, the two 
values converged.  
Transformation of drops in zone II  
As soon as plugs entered zone II, they transformed to the most thermodynamically stable 
arrangement. 56  The re-arrangement was completely repeatable and always occurred in a same 
way. The resulting compound drops formed by the transformation of plugs in zone II are shown 
in a next section along with their corresponding microparticles to save space. Assuming that 
the plugs transformed in zone II are spherical, their diameter can be related to the dimensions 
of their precursors in zone I using equation  , where Ds is the equivalent : = (
3
2
;2 !)
1/3
spherical diameter of plugs in zone II. The predicted values of Ds for highly-packed plugs (2 
cp) that entered zone II were still close to the measured values within an intermediate range of 
, despite the internal phase ratios being greater than that of the close packing. The shape of 
the (outer) drops, however, was distorted at high , because of the stress applied by the compact 
inner phase. The morphology of drops in zone II varied from spherical (S) to semi-spherical 
(SS) with increasing  above cp at a given N, but reversely from semispherical to spherical 
with increasing N at a given  unlike cylindrical plugs in zone I whose shape was almost 
independent of  and N due to the geometrical restriction imposed by the capillary. Overall, 
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drops with different morphologies could be produced, however, there existed only one 
morphology that could fit a given N and in any polymerization zones.
Formation of windows during UV polymerization
The formation of windows during polymerization depends on the interfacial and bulk 
properties of the monomer and water phases used, in addition to their  phase ratio. Windows 
are formed during polymerization mainly due to the stress resulting from shrinkage; that is the 
density difference between the monomer and polymer gel phases.60 A droplet moving in a 
microchannel will only have a small fraction of a second to polymerise by the UV light and 
therefore should be highly reactive. Furthermore, it should undergo a high degree of shrinkage 
during polymerization. To allow windows to emerge, in particular at low , a careful selection 
of monomers is therefore essential. We investigated a number of monomers and selected a set 
of acrylic monomers that are highly reactive with a considerable shrinkage  (see supporting 
information). Interestingly such polymerization formulations that do not allow window 
opennings may find applications for encapsulations where closed structures are often required. 
Ideally, the film separating the inner core droplets and the outer shell drop should be made to 
rupture during polymerization, allowing the internal water to escape the particle leaving open 
windows. However, when the double drop templates (that contained no surfactant in the inner 
water phase) were exposed to UV, the resulting microparticles showed no sign of opening, as 
seen in Figure 3a. In a similar study, highly packed double drops produced via microfluidics 
did not open up when they underwent UV polymerization.56 Off-chip methods such as the use 
of solvent have been often used to fabricate open structures by dissolving the thin films.32,33
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continuous phase to the inner water phase and swells the inner phase, due to the osmosis effect, 
which may lead to escape. This was attempted, but abondoned because of the undesired 
extensive change in the internal phase ratio. The other approach is to impart kinetic instability 
to double drops. According to the Bancrofts rule, the phase in which a surfactant is more 
soluble tends to become the continuous phase.61 In our primary formulation, the outer phase 
contained 1.0 wt% water-soluble surfactant Pluronic F-127 and the middle oil phase contained 
5.0 wt% oil-soluble surfactant Pluronic L-81 in the stable w/o/w emulsions made. The presence 
of surfactant in the oil phase was required to stabilise the inner water droplets. In the modified 
formulation, we used the same water phase containing 1.0 wt.% surfactant for both the inner 
and outer phases, against the backdrop of increased instability of double drops, so that 3mo 4 
3im. Figure 3b clearly shows this policy enhanced the tendency of the inner drops to join the 
outer continuous phase during polymerization, via escaping the middle phase, and led to the 
opening of the windows. Adoption of such a methodology in conventional mechanical 
production of high internal phase emulsions is not possible due to premature escape of inner 
droplets caused by extensive deformation of drops during stirring. In contrast, the double drops 
formed in the microfluidic setup with the inner phase containing the surfactant remained stable 
during their journey in the capilary as long as they were not subjected to a significant shear. A 
similar concept, though in different context, has been previously used to transform a high-
viscosity jet, which was difficult to rupture, to unstable core-shell drops which produced 
uniform drops after the escape of inner cores.62 The concept was also used to help bubbles 
escape air-filled alginate microfiber, thus producing a wide range of anisotropic particles.63 
The methodology described above created particles with external and internal interconnected 
windows using unassisted rupturing. The methodology also suggests a practical way to switch 
from open structures to closed structures such as capsules by using a small alteration in the 
formulation at the same process conditions.
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phase, and non-uniform UV radiation across the length of plugs. An example is shown in the 
inset in Figure 5c for plugs with 3 internal droplets.   
We were not able to fabricate chains with a large number of internal droplets as they did not 
polymerise on-the-fly. These chains were stuck in the capillary as soon as they were exposed 
to the UV. The possible outcome from such a study remains to be evaluated in the future, due 
to inconsistent openings that one-row plugs demonstrated. It has been shown before that chains 
can easily be polymerised if the polymerization reaction occurs uniformly outside the capillary 
in a buoyancy driven system.64 One could expect a highly packed single chain of droplets to 
undergo multiple film ruptures across its length and break up into a range of uniform particles 
such as frustums and I particles, when exposed to uniform UV radiation.63 However, we 
managed to produce porous chains consisting of a number of short plugs in two steps, as shown 
in Figure 5c. In the first step short plugs were produced in the upstream and then forced to fuse 
together in the downstream of the microfluidic set up to form a chain. The short plugs used as 
the repeating unit in the chain contained 3 internal droplets, but could be any plug.     
Microparticles formed in Zone II 
The use of an extension capillary had two advantages. Firstly, it reduced the velocity of drops 
by 1/3, tripled the exposure time of the drops to the UV, and thus assisted rapid polymerization. 
Secondly, it allowed drops to be produced in a smaller outer capillary, which had three times 
larger capillary number than the extensional capillary, and then transported in the extensional 
capillary, where a high Ca number was not required anymore. This implies a significant 
reduction in the required Qo for obtaining drops of a given size. Cylindrical drops formed in 
zone I were allowed to pass through this zone unpolymerized, and enter zone II, where they 
relaxed and conformed to their most stable morphology before being polymerised.
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Figure 6. SEM images of porous microparticles produced using closely-packed precursor drops, with 
a given number of core droplets (N) obtained at fixed  Qi =200 µl hr-1 ; a) N = 3 (Qm =450 µl hr-1, Qo = 
2000 µl hr-1;  = 0.31); b) N = 4 ( Qm =350 µl hr-1, Qo = 1000 µl hr-1;  = 0.36); c) N = 5  (Qm =350 µl 
hr-1, Qo = 700 µl hr-1;  = 0.36); d) N = 6 (Qm = 270 µl hr-1, Qo = 400 ul hr-1;  = 0.42); e) N = 8 (Qm 
=270 µl hr-1, Qo = 300 µl hr-1;  = 0.43); f) N = 20 (Qm = 270 µl hr-1, Qo = 100 µl hr-1;  = 0.42). Insets 
show optical micrograph images of the corresponding critically-packed drops. The scale bar is 200 X" 
g) Diameter of the internal core (dw), external drop (D) and final particle versus the number of cores N; 
h) relative size of internal droplets to the external drop (d/D), relative size of windows on the surface 
of microparticles dw with regard to the diameter of the core dw/d, as well as the relative magnitude of 
opening area on the surface of a microparticle Z versus the number of cores N.
Microparticles produced by polymerization of critically-packed drops: Figure 6a-f shows 
micrograph images of the generated critically-packed drops with a given N (inset) and their 
polymerised products. SEM images in Figure 6a-f reveal an interesting feature of the critically-
packed polymeric drops. Drops containing two internal core droplets did not open up at all, but 
those with 3-5 internal droplets showed increasingly occasional opening, as seen in Figure 6a-c. 
However, critically-packed microparticles with N [ 6 showed complete window opening (as 
seen in Figure 6d-f). Figure 6F, in particular, shows the interconnected structure of the 
windows. 
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Drawing the attention back to the effects of the number of internal droplets N on the size of 
drops, one could see from Figure 6g that the size of the external drops increased with the 
number of the internal cores. The size of the internal droplets also showed a small change with 
N, due to the associated increase in  (see Figure 2c). The shrinkage scales with the volume 
fraction of the monomer phase, 1- , which was not greatly different for N = 2-6. On average, 
the diameter of the polymeric microparticles was smaller than the original drop size by around 
5.0 % for all cases. This also shows that unlike conventional polyHIPEs that do not shrink 
externally during polymerization, due to the presence of non-compressible water droplets, and 
windows only open up during post-polymerization, the open porous structures formed on the 
fly do shrink.   
For double drops with a low internal phase ratio and spatially-varying shell thickness, the 
thinnest part of the shell is the weakest, and most vulnerable point to rupture. These weak 
points locate where the internal droplets touch the shell drop. It has been reported that similar 
points across multiple-core polymer shell capsules buckled in response to a high external 
capillary pressure.65 The number of external windows on the surface of the microparticles was 
found to be equivalent to the number of internal droplets for N : 6. The relative size of the  
internal droplet with respect to the size of the outer drops (d/D) decreased with increasing N 
but both the relative diameter of the windows with respect to  the diameter of internal droplets, 
d/dw, and the relative  opening area on the surface of microparticles, < = Ndw2/D2, increased as 
seen in Figure 6h. The methodology can be extended to drops containing a large number of 
inner droplets, as seen in Figure 6f for particles with N = 20. The dw/d for the particles with N 
= 20, however, was 0.27, indicating that there is a maximum in dw/d achievable within N = 8-
20. However, Z always increased with increasing N due to the associated, and inevitable, 
increase in .
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Microparticles produced by polymerization of highly-packed drops: A series of experiments 
was conducted with the phase ratio of the inner phase being maintained constant at 0.71. 
Because the close-packing state was exceeded,  > cp,  the core droplets confined in the shell 
drop re-arranged themselves into a distinct configuration due to their capillary pressure as well 
as that of the outer drop. This configuration depended on the number and size of core droplets, 
but was reproducible. Such a high  was employed to achieve a small shell thickness across 
neighbouring droplets, enhance film rupturing, and create larger relative opening areas. The 
alteration in N at the constant  = 0.71 was brought about by gradually decreasing Qo. Starting 
with highly-packed elipsoidal drops containing two internal core droplets (N=2), whose cp is 
0.25, we gradually transformed these drops to highly-packed drops with more inner droplets at 
the same . The SEM images of the resulting porous microparticles, Figure 7af,  show particles 
have as many internal droplets as external windows. The conditions required to obtain these 
highly-packed drops are outlined in the caption of Figure 7.
By comparison, the highly packed drops opened up more consistently for all N than the 
critically packed ones due to a higher  used and as a result a significant stress applied on their 
over-stretched thin interfaces during polymerization (i.e. shrinking), as expecetd. Symmetric 
morphologies such as simple core-shell drops (see Figure 7a for N=1) did not open due the 
balanced forces applied on the uniform shell, regardless of .  
From Figure 7g shows variations in the diameter of drops with N. The use of the two-stage 
microfluidic setup allowed to maintain a precise control over the size of the inner cores at 
constant . The double drops increased in size as they accomodated more inner droplets. 
The relative size of the windows with regard to the size of the cores, dw/d, and relative surface 
area of interconnected windows with regard to the external surface of particles, < decreased 
with increasing N, as shown in  Figure 7h. This is an interesting feature of highly packed drops 
that increasing their N at constant  adversely affected their relative opening area < and window 
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diameter dw/d. However, critically-packed drops showed an increase in dw/d and < with 
increasing N, but that was partly due to the associated increase in  and to the fact that drops 
with N<6 openned up occasionally.
An sphericity factor was used to measure how closely the shape of the highly packed drops 
approached that of a mathematically perfect sphere. One can see from the SEM images in 
Figure 7a-e and the measured spherisity factor f defined in Figure 7i that the violation of 
sphericity was significant for N = 2, but gradually decreased with increasing N.  Compound 
drops with a large number of internal droplets resisted deformation due to balanced multiple 
capillary forces exerted by many inner droplets. Overall, the external drops in zone II changed 
shape from ellipsoid to semispherical with increasing N at constant .  
In order to examine the mechanism of window formation and explore the effects of 
polymerization conditions on the particle morphology development, we monitored the time 
evolution of morphology of a highly-packed drop with  = 0.71 containing 2 internal cores,  
> cp = 0.25. The polymerization was conducted thermally and monitored using an optical 
microscope. Figure 7j shows that particles did not open under slow polymerization conditions, 
but their  spherisity factor f further increased during polymerization. This suggests that a rapid 
polymerization not only served to open up windows at low , but also freezed the morphology 
of drops and assisted particles with a simillar morphology as their precurser drops to emerge.  
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Figure 7. SEM images of the highly packed drops (insets) and microparticles with  = 0.71[Qi =500 
µl hr-1 and Qm =200 µl hr-1]. a) N = 1 (Qo= 5000 µl hr-1) ; b) N = 2 (Qo= 3000 µl hr-1); c) N = 3 (Qo= 
5000 µl hr-1); d) N = 4 (Qo= 1000 µl hr-1); e) N = 5 (Qo= 800 µl hr-1); f) N = 6 ( Qo= 600 µl hr-1). Insets 
show optical micrographs of the corresponding highly-packed drops. The scale bar is 200 X" g) 
Diameter of the external drops, internal droplets and particles versus number of cores N; h) The relative 
diameter of the window dw/d, as well as the relative magnitude of opening area Z versus N; i) The 
sphericity (f) of the external drop versus N; j) Time-dependent change in the sphericity (f) of a drop 
containing two core droplets during thermal polymerization.
One can realise that using a high internal phase ratio for fabricating porous particles is 
advantageous as it renders a high porosity and an opened structure to the particles. When such 
a high internal phase ratio drops are made, however, there might be a conflict between the 
desired morphology and the one dictated by the internal phase ratio. Cylindrical porous 
particles whose shape is independent of their  and N can provide an answer to such dilema. 
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1. CONCLUSION
Uniform w/o/w emulsions, produced via glass-capillary based microfluidic technique, were 
used as precursors to fabricate various porous microparticles via UV polymerization. The size, 
porosity and morphology of the resulting microparticles were controlled by the flow rate of 
individual phases and the packing structure of the inner droplets, as well as by the restriction 
imposed by the external geometry. Polymerising the drops led to the rupturing of the thin walls 
of the droplet-drop, exposing   the   hollow   interiors   of   microparticles.  Windows consistently 
formed during polymerization for highly packed plugs and drops, due to a significant stress 
applied on the over-stretched asymmetric interfaces during shrinkage. While the internal phase 
ratio of drops affected the porosity of particles, it hardly affected the cylindrical shape of the 
microparticles. Critically-packed spherical drops, whose morphology development during 
polymerization was investigated for the first time, only opened up if they had more than 6 
internal droplets. The fabrication of porous microparticles, with tunable window sizes and 
structures can open new vistas for many potential applications. 
Supporting Information: The supporting information contains relations between velocity and 
flow rates, the diameter of spherical droplets in critically packed plugs, the critical packing 
phase ratio for different configurations, and the optimisation of formulation.
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